ϩ -ATPase (nka) ␣-subunit isoforms, nka ␣1a, nka ␣1b, and nka ␣1c, were identified from gills of the freshwater climbing perch Anabas testudineus. The cDNA sequences of nka ␣1a and nka ␣1b consisted of 3,069 bp, coding for 1,023 amino acids, whereas nka ␣1c was shorter by 22 nucleotides at the 5= end. In freshwater, the quantity of nka ␣1c mRNA transcripts present in the gills was the highest followed by nka ␣1a and nka ␣1b that was almost undetectable. The mRNA expression of nka ␣1a was downregulated in the gills of fish acclimated to seawater, indicating that it could be involved in branchial Na ϩ absorption in a hypoosmotic environment. By contrast, seawater acclimation led to an upregulation of the mRNA expression of nka ␣1b and to a lesser extent nka ␣1c, indicating that they could be essential for ion secretion in a hyperosmotic environment. More importantly, ammonia exposure led to a significant upregulation of the mRNA expression of nka ␣1c, which might be involved in active ammonia excretion. Both seawater acclimation and ammonia exposure led to significant increases in the protein abundance and changes in the kinetic properties of branchial Na ϩ -K ϩ -ATPase (Nka), but they involved two different types of Nka-immunoreactive cells. Since there was a decrease in the effectiveness of NH 4 ϩ to substitute for K ϩ to activate branchial Nka from fish exposed to ammonia, Nka probably functioned to remove excess Na ϩ and to transport K ϩ instead of NH 4 ϩ into the cell to maintain intracellular Na ϩ and K ϩ homeostasis during active ammonia excretion. ammonia; Anabas testudineus; climbing perch; gills; osmoregulation THE CLIMBING PERCH Anabas testudineus (Bloch) is a freshwater teleost belonging to the family Anabantidae and order Perciformes. It can be found in canals, lakes, ponds, swamps, and estuaries in tropical Asia and can tolerate extremely unfavorable water conditions (64) . There are special accessory breathing organs (the labyrinth organs) in the upper part of its gill chambers, which facilitate the utilization of atmospheric air (31, 34, 58) . Periodically, it gulps air from the water surface, and the air is channeled to the labyrinth organs for gaseous exchange. During drought, A. testudineus stays in pools associated with submerged woods and shrubs (76) or buries under the mud (65) . In addition, it can travel long distances on land between pools of water, covering several hundred meters per trip when the air is sufficiently humid (22) . Recently, Tay et al. (77) reported that A. testudineus could uniquely excrete ammonia during emersion at a rate similar to or higher than that of the immersed control. They (77) provided evidence for the first time that A. testudineus was able to actively excrete ammonia in water containing 12 mmol/l NH 4 Cl. During emersion, active ammonia excretion apparently occurred across the branchial and cutaneous surfaces, and ammonia concentrations in water samples collected from these surfaces increased to Ͼ20 mmol/l versus a plasma ammonia concentration of Ͻ1 mmol/l (77) . The capacities of air breathing and active ammonia excretion apparently facilitate the utilization of amino acids by A. testudineus as an energy source for locomotor activity on land. In addition, Chang et al. (13) demonstrated that A. testudineus could acclimate through a progressive increase in salinity from freshwater to seawater, and hypo-osmoregulates in seawater through an increase in the activity of Na ϩ -K ϩ -ATPase (Nka) in its gills.
NKA/Nka coordinates the active transport of three Na ϩ out of the cell and two K ϩ into the cell fueled by the hydrolysis of ATP. The action of this pump is essential for cell functions such as maintaining osmotic balance and membrane potential and driving the secondary active transport of molecules such as glucose and amino acids (78) . NKA contains two major subunits, ␣ and ␤, and functions as an ␣␤ heterodimer. The ␣-subunit is a large (110 -120 kDa) protein that contains all the functional sites and is responsible for the catalytic functioning of the enzyme (4) . An analysis of the NKA ␣-subunit cDNA sequences suggests that it is highly conserved among a number of animal species (4) . Four isoforms of the NKA ␣-subunit (␣1, ␣2, ␣3, ␣4) have been identified in mammals (4) . The NKA ␣1 isoform is found in nearly every tissue, but the other isoforms are more limited in expression (51).
Several isoforms of nka ␣ and nka ␤ have been identified in the zebrafish, but little is known about their specific physiological functions (66) . The most commonly studied Nka in fish are the gill-expressed isoforms, which are important in osmoregulation in teleosts. In the gill epithelia of euryhaline teleosts, mitochondrionrich cells (MRCs) play a central role in Na ϩ and Cl Ϫ excretion, and the Nka present in the basolateral membrane of MRCs is fundamental to this process. The complete cDNA sequence of a single isoform of nka ␣-subunit has been determined from the ray (Torpedo californica; 42), the white sucker (Catostomus commersoni; 69) the European eel (Anguilla anguilla; 20) , and the killifish (Fundulus heteroclitus; 73). Subsequently, it has been reported that seawater acclimation in rainbow trout (Oncorhynchus mykiss), Atlantic salmon (Salmo salar), and arctic char (Salvelinus alpinus) involves the differential regulation of two gill nka ␣-subunit isoforms nka ␣1a and nka ␣1b (10, 68) . When salmonids are exposed to seawater, the rise in Nka activity is preceded by increased expression of nka ␣1b, which suggests that this isoform is important for successful acclimation to seawater. However, the rapid decrease in nka ␣1a expression on seawater exposure suggests that Nka ␣1a isoform is involved in the gill-active ion uptake model of freshwater fishes (12) . Similar phenomena have been observed in Oreochromis mossambicus (79) .
It has also been suggested that active ammonia excretion in some fishes involves Nka, with NH 4 ϩ substituting for K ϩ at the basolateral membrane, and Na ϩ /H ϩ (NH 4 ϩ ) exchangers at the apical membrane of the branchial epithelia (15, 37, 38, 83) . Active ammonia excretion in the giant mudskipper Periophthalmodon schlosseri exposed to environmental ammonia in brackish water is sensitive to the Nka inhibitor ouabain (67) . However, to date, no information is available on the involvement of any specific Nka ␣-subunit isoform in active NH 4 ϩ transport in fish. More importantly, issues concerning ammonia cytotoxicity in MRCs if NH 4 ϩ was indeed actively transported into these cells through basolateral Nka have not been addressed.
Since A. testudineus, unlike P. schlosseri, is a freshwater fish capable of acclimation to seawater and continual excretion of ammonia during exposure to high concentrations of environmental ammonia, it offers the authors an opportunity to elucidate the functional roles of branchial Nka ␣-isoforms in osmoregulation and/or active ammonia excretion. Thus this study was undertaken to clone and sequence nka ␣-subunit isoforms from the gills of A. testudineus, with the aim of testing the hypothesis that multiple isoforms of nka ␣-subunit were present. Subsequently, specific primers for quantitative real-time polymerase chain reaction (qPCR) were designed to evaluate the hypotheses that mRNA expression of certain nka ␣-subunit isoforms would be selectively up-or downregulated for osmoregulatory purposes during seawater acclimation. We also tested the hypothesis that a specific nka ␣-subunit isoform could be upregulated as a part of the mechanisms involved in active ammonia excretion during exposure to high concentrations of NH 4 Cl in freshwater. Furthermore, Western blotting was performed using a commercially available isoform nonspecific NKA antibody to evaluate whether seawater acclimation or ammonia exposure would lead to an increase in the overall protein abundance of Nka. Finally, efforts were made to determine effects of seawater acclimation or ammonia exposure on the kinetic properties of Nka from gills of A. testudineus, with special emphasis on whether ammonia exposure would alter the effectiveness of NH 4 ϩ , in substitution of K ϩ , to induce Nka activity. Exposure to seawater. Control fish (N ϭ5) were placed in 10 liters of freshwater in a fiberglass tank (48.0 cm length ϫ 40.0 cm width ϫ 30.0 cm height). Experimental fish (N ϭ 10) were exposed to daily increases in salinity (in ‰) from freshwater (day 0) to salinity 10 (day 1), followed with salinity 15 (day 2), salinity 20 (day 3), salinity 25 (day 4), and salinity 30 (seawater; day 5), and kept in seawater for another 6 days until day 11. Waters of various salinities were prepared by mixing freshwater with natural seawater in different proportions. Both freshwater and experimental fish were fed with frozen bloodworm. Feed was withdrawn 2 days before sample collection. Experimental fish were killed at the end of day 5 or day 11, corresponding to day 1 or day 6 exposure to seawater.
METHODS

Animals
Exposure to environmental ammonia. Control fish (N ϭ5) were kept in 10 liters of freshwater in a fiberglass tank (48.0 cm length ϫ 40.0 cm width ϫ 30.0 cm height). Experimental fish (N ϭ 5 for each group) were submerged in freshwater containing 100 mmol/l NH 4Cl (pH 7.0) for 1 or 6 days.
Fish were killed with a strong blow to the head. Gill filaments were excised from control and experimental fish and stored at Ϫ80°C. Tissues collected from all four gill arches constituted one sample.
Total RNA extraction and cDNA synthesis. Total RNA was extracted from the different tissue samples collected using chaotropic extraction protocol described by Whitehead and Crawford (84) and further purified using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany). After isolation, RNA was quantified spectrophotometrically using Hellma traycell (Hellma, Müllheim, Germany). RNA quality was checked electrophoretically to verify RNA integrity and RNA was stored at Ϫ80°C. First-strand cDNA was synthesized from 1 g of total RNA using oligo(dT) 18 primer and the RevertAid first-stand cDNA synthesis kit, following the manufacturer's instruction (Fermentas, Burlington, ON, Canada).
Polymerase chain reaction, cloning, and RACE-PCR. Partial nka sequences were obtained using primers determined from the conserved regions of A. anguilla (X76108), Oncorhynchus mykiss (AY319391), O. mossambicus (TMU82549), and Fundulus heteroclitus (AY057072) ( Table 1) . Polymerase chain reaction (PCR) was carried out in Bio-Rad Peltier thermal cycler (Bio-Rad, Hercules, CA) using DreamTaq DNA polymerase (Fermentas International). The cycling conditions consist of 94°C (3 min), followed by 35 cycles of (10 min) . PCR products were electrophoresed in 1% agarose gel. Bands of the estimated size were extracted from the gels using QIAquick Spin (Qiagen). PCR products were cloned into pGEM-T Easy vector (Promega, Madison, WI). The ligated vector was transformed into JM109 competent cells and plated onto Luria-Bertani (LB) agar with ampicillin, X-gal, and IPTG. Selected white colonies were grown overnight in LB with ampicillin. The plasmids were extracted using the resin-based plasmid miniprep kit (Axygen Biosciences, Union city, CA). Multiple clones of each fragment were sequenced bidirectionally. The plasmids were subjected to cycle sequencing using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and purified by the ethanolsodium acetate precipitation. Purified products were automatically sequenced using the Prism 3130XL Genetic Analyzer (Applied Biosystems). The fragments were verified to be nka ␣-subunit from Genbank database. Analysis of multiple clones of nka fragment revealed three nka isoforms, namely nka ␣1a, nka ␣1b, and nka ␣1c. Specific primers were designed to obtain the complete cDNA sequence using 5= and 3= RACE (Smart RACE cDNA amplification kit: BD Bioscience Clontech, Mountain View, CA) ( Table 1) . Multiple sequencing was performed in both directions to obtain the full-length cDNA. Sequence assembly and analysis were performed using BioEdit. cDNA sequences have been deposited into GenBank with accession numbers given as: nka ␣1a (JN180940), nka ␣1b (JN180941), and nka ␣1c (JN180942). Amino acid sequences were translated from the nucleotide sequences of the three nka ␣-subunit isoforms, using ExPASy Proteomic server (29) . The transmembrane regions (TMs) of the translated amino acid sequences of the three isoforms were predicted using MEMSATS & MEMSAT-SVA provided by PSIPRED protein structure prediction server (8) , and comparisons were made with TMs of human NKA (62), killifish Nka (73) , and tilapia Nka (26) . The Na ϩ and K ϩ binding sites of the three isoforms of nka ␣-subunits of A. testudienus were mapped according to the homology modeling of the cation binding sites of human NKA (62).
Phylogenetic analysis. Amino acid sequences of nka from other animals were obtained from Genbank with the following accession numbers:
, and Ciona intestinalis ␣3 (XP_002124837.1; as the outgroup). These sequences were aligned using ClustalX2. The phylogenetic relationship between the translated amino acids sequences from A. testudineus and those from other animals were analyzed using the neighbor-joining method (NEIGHBOR) in PHYLIP phylogeny package (version 3.67), with the inclusion of 100 bootstraps (25) . The phylogenetic trees were generated with CONSENSE using 50% majority rule and plotted with the program TREEVIEW. Bootstrap values are indicated at the nodes of the tree branches.
mRNA expression of nka ␣1a, nka ␣1b, and nka ␣1c in various tissues. The mRNA expression of nka ␣1a, nka ␣1b, and nka ␣1c were performed on six different tissues, including gills, accessory breathing organs (ABOs), anterior gut, posterior gut, kidney, and skin. PCR was carried out in Bio-Rad Peltier thermal cycler (Bio-Rad) using DreamTaq DNA polymerase (Fermentas International) and primers designed for qPCR ( Table 1) . The cycling conditions consisted of 95°C (3 min), followed by 30 cycles of 94°C (30 s), 60°C (30 s), 72°C (30 s), and 1 cycle of final extension at 72°C (10 min). PCR products were then electrophoresed in 2% agarose gel.
Quantitative real-time PCR. RNA from gills samples were treated with deoxyribonuclease I (Sigma-Aldrich, St. Louis, MO) to remove any contaminating genomic DNA. First-strand cDNA was then synthesized from 1 g of total RNA using random hexamer primer and the RevertAid first-stand cDNA synthesis kit (Fermentas International).
qPCR was performed in triplicates using a StepOnePlus Real-Time PCR System (Applied Biosystems). The standard cDNA (template) was serially diluted in 1ϫ TE buffer (1 mmol/l Tris and 0.1 mmol/l EDTA, pH 8.0) (from 10 6 to 10 2 specific copies/2 l). Diluted standards were stored at Ϫ20°C. The PCR reactions contained 5 l of 2ϫ Fast SYBR Green Master Mix, 0.3 M of forward or reverse primers (Table 1) , cDNA (1 ng), or standard (2 l) in a total volume of 10 l. Cycling conditions were 95°C for 20 s (1 cycle), followed by 45 cycles of 95°C for 3 s and 60°C of 30 s. Data [threshold cycle (C T) values] were collected at each elongation step. Runs were followed by melt curve analysis by increasing from 60°C to 95°C in 0.3°C increments to confirm the presence of only a single product. The PCR products were separated in a 2% agarose gel to verify the presence of a single band.
To determine the absolute quantity of nka ␣1a, nka ␣1b, and nka ␣1c transcripts in a qPCR reaction, efforts were made to produce three pure amplicons of a defined region of nka ␣1a, nka ␣1b, and nka ␣1c cDNA from the gills of A. testudineus. PCR was performed with qPCR primers (Table 1 ) and cDNA as a template in a final volume of 25 l with the following cycling conditions: initial denaturation 95°C for 3 min, followed by 35 cycles of 95°C for 30 s; 60°C for 30 s and 72°C for 30 s; and 1 cycle of final extension of 72°C for 10 min. PCR products were separated in a 2% agarose gel. The products were excised and purified using QIAquick gel extraction kit. The nka ␣1a, nka ␣1b, and nka ␣1c nucleotide fragments in the purified products were cloned individually using pGEM-T Easy vector. The presence of the insert in the recombinant clones was confirmed by sequencing. The cloned circular plasmid was quantified using a spectrophotometer. Copy numbers were calculated from the CT values of the standards using the formulas from Gerwick et al. (30) . Standard curves were obtained from plotting CT on the y-axis and the natural log of concentration (copies/l) on the x-axis. The CT, slope, PCR efficiency, y-intercept, and correlation coefficient (R 2 ) were calculated using the default setting of StepOne Software v2.1 (Applied Biosystems). The PCR efficiency for nka ␣1a, nka ␣1b, and nka ␣1c were 99.1%, 91.4%, and 93.5%, respectively. The quantity of transcript in an unknown sample was determined from the linear regression line derived from the standard curve and the copy number per nanogram cDNA.
SDS-page and Western blotting. The gill filaments were homogenized three times in five volumes (wt/vol) of ice-cold buffer containing 50 mmol/l Tris·HCl (pH 7.4), 1 mmol/l EDTA, 150 mmol/l NaCl, 1 mmol/l NaF, 1 mmol/l Na3VO4, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mmol/l PMSF, and 1ϫ HALT protease inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) at 24,000 rpm for 20 s each with 10-s intervals using the Polytron PT 1300D homogenizer. The homogenate was centrifuged at 10,000 g for 20 min at 4°C. The protein concentration in the supernatant obtained was determined according to the method of Bradford (6) and adjusted to 2 g/l with Laemmli buffer (43) . Samples were heated at 70°C for 15 min and then kept at Ϫ80°C until analysis.
Proteins were separated by SDS-PAGE (8% acrylamide for resolving gel, 4% acrylamide for stacking gel) under conditions as described by Laemmli (43) using a vertical minislab apparatus (Bio-Rad). Proteins were then electrophoretically transferred onto PVDF membranes using a transfer apparatus (Bio-Rad). After transfer, mem-branes were blocked with 10% skim milk in 0.05% Tween 20 in Tris-buffered saline consisting of 20 mmol/l Tris·HCl; 500 mmol/l NaCl, pH 7.6 (TTBS) for 1 h before being incubated overnight at 4°C with NKA antibody (1:800 dilution) or pan-actin antibody (1:5,000 dilution). We obtained the NKA antibody (␣5), which was developed by Douglas M. Farmbrough (Johns Hopkins University, Baltimore, MD) and is known to react nonspecifically with Nka ␣-subunit isoforms in fish from the Developmental Studies Hybridoma Bank. All primary antibodies were diluted in 1% BSA in TTBS. The membranes were then incubated in alkaline phosphatase-conjugated secondary antibodies (anti-mouse; 1:10,000 dilutions) for 1 h, rinsed, and then incubated for 5 min in a solution of 5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt and nitro-blue tetrazolium chloride (Invitrogen, Carlsbad, CA) for color development. The blots were scanned using CanonScan 4400F flat bed scanner in TIFF format at 300 dpi resolution. Densitometric quantification of band intensities were performed using ImageJ (version 1.40, NIH), calibrated with a calibrated 37-step reflection scanner scale (1" ϫ 8"; Stouffer no.
R3705-1C).
Immunofluorescence microscopy. Gill arches were excised from fish kept in freshwater, acclimated to seawater for 6 days after a progressive increase in salinity, or exposed to 100 mmol/l NH4Cl in freshwater for 6 days, and immersion fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) at 4°C overnight. Samples were decalcified (FASC: 30% formic acid-sodium citrate) at room temperature for 24 h and then processed for paraffin embedding. Details of sample preparation and immunohistochemical procedures are as described in Wilson et al. (87) . Paraffin sections (5 m) were collected onto 3-aminopropyltriethoxysilane (Sigma-Aldrich)-coated slides, completely air dried, and dewaxed in xylene. Antigen retrieval was performed by pretreating sections with 0.05% citraconic anhydride (59) for 30 min at 100°C followed by 1% SDS-PBS for 5 min at room temperature (8) to improve immunoreactivity. Labeling was performed using the rabbit anti-peptide NKA polyclonal antibody ␣Rb1NKA (87) with 1:500 dilution in 1% BSA in TPBS (0.05% Tween-20 in PBS) and incubated overnight at 4°C. Rabbit antibody was detected with goat anti-rabbit Alexa Fluor 488 antibodies (1:500 dilution; Invitrogen) at 37°C for 1 h. After primary and secondary antibody incubations, sections were rinsed with TPBS for 5, 10, and 15 min. Sections were counter stained with nuclear stain DAPI in the penultimate (10 min) rinse. Double-labeled sections were viewed on a Leica DM 6000B epifluorescence microscope and images captured using a digital camera (Leica DFC 340 FX). Optimal exposure settings were predetermined and all images captured under these settings. The corresponding differential interference contrast (DIC) image was also captured for tissue orientation. Plates were assembled in Adobe Photoshop CS2, and brightness and contrast were adjusted while maintaining the integrity of the data.
Determination of Nka activity. Fish were killed and gills were sampled and suspended in 1 ml of solution containing 0.1 mol/l imidazole-HCl (pH 7.2), 0.3 mol/l sucrose, and 0.02 mol/l EDTA following the method of Zaugg (89) . Samples were frozen in liquid nitrogen and stored at Ϫ80°C until analysis. The gill sample was subsequently thawed on ice and homogenized for 2 s at 7,000 rpm using an Ika-werk Staufen Ultra-Turrax homogenizer. The homogenate was then centrifuged at 2,000 g for 7 min at 4°C to obtain the pellet. The pellet was resuspended in 1 ml of homogenizing buffer containing 0.1 mol/l imidazole-HCl (pH 7.2), 0.3 mol/l sucrose, and 1 g/l of sodium deoxycholate (without EDTA, which interfered with the subsequent phosphate analysis), and homogenized twice at 13,500 rpm for 10 s each with an interval of 10 s. The homogenized sample was centrifuged for 6 min at 2,000 g and 4°C. The supernatant obtained was assayed for Nka activity on the same day. The quantities of protein used per assay were ϳ0.23, 0.1, and 0.2 mg for samples from freshwater, seawater-acclimated, and ammonia-exposed fish, respectively.
The Nka activity was determined in 1 ml of reaction mixture containing 0.05 ml sample, 30 mmol/l imidazole-HCl buffer (pH 7.2), 100 mmol/l NaCl, 20 mmol/l KCl, 5 mmol/l MgCl2, and 3.5 mmol/l ATP (with the pH adjusted to 7.0), in the presence or absence of 2 mmol/l ouabain. The Nka activity was calculated as a difference of activities assayed in the presence and absence of ouabain. To evaluate if there were changes in the affinity of Nka to its substrates (i.e., Na ϩ , K ϩ , or NH 4 ϩ ), enzyme activities were also determined at various subsaturating substrate concentrations. The reaction mixture without ATP was preincubated at 25°C for 10 min, and the reaction was initiated by the addition of 0.05 ml of ATP. After 40 min of incubation at 25°C, the reaction was terminated by the addition of 0.05 ml of ice-cold 100% trichloroacetic acid. The mixture was centrifuged at 12,000 g for 2 min at 4°C. Preliminary results indicate that the Nka activity increased linearly with time up to at least 45 min under all conditions. The amount of P i released from ATP during the incubation period represented the activity of Nka. An aliquot (0.4 ml) of the supernatant was diluted with 4 volumes of 0.1 mol/l sodium acetate for P i assay. To this diluted aliquot, 0.2 ml of 1% ascorbic acid and 0.2 ml of 1% ammonium molybdate in 0.05 mol/l H2SO4 were added. Absorbance was determined at 700 nm using a Shimadzu (Kyoto, Japan) UV160 UV-VIS spectrophotometer, and the Pi concentration was calculated with reference to a standard made from K2HPO4 and assayed in the presence of trichloroacetic acid and sodium acetate. The protein content of the sample was determined by the method of Bradford (6) . Bovine gamma globulin dissolved in 25% glycerol was used as a standard. The Na ϩ concentration in the assay medium was confirmed by flame photometry. Effects of different concentrations of Na ϩ on Nka activity were determined in the presence of 20 mmol/l K ϩ for all samples. To determine effects of varying K ϩ or NH 4 ϩ concentrations on the Nka activity from gills of fish acclimated to seawater, Na ϩ concentration was held at 80 mmol/l; but for gill samples obtained from fish kept in freshwater or exposed to ammonia, the Na ϩ concentration was held at 20 mmol/l because of an apparent decrease in the activity at high concentrations of Na ϩ . Table 3 and Figs. 5 and 6 were evaluated by one-way analysis of variance (ANOVA), followed by multiple comparisons of means by the Tukey test. Differences with P Ͻ 0.05 were regarded as statistically significant. For Figs. 3 and 4 , the three treatments were compared using the nonparametric Kruskal-Wallis test. When significant differences were observed among the treatments, pair-wise comparison of treatments using Mann-Whitney U test were performed with Bonferroni adjustment.
RESULTS
Nucleotide sequences, translated amino acid sequences, and phylogenetic analysis. Three nka ␣-subunit isoforms were identified from the gills of A. testudineus and they were named nka ␣1a (Genbank accession no: JN180940), nka ␣1b (accession no: JN180941), and nka ␣1c (accession no: JN180942) following the naming system for other fishes (e.g., salmonides). The cDNA sequences of nka ␣1a and nka ␣1b consisted of 3,069 bp, coding for 1,023 amino acids with estimated molecular masses of 113 kDa (see supplemental Fig.  S1 ). By contrast, the cDNA sequence of nka ␣1c consisted of 3,048 bp, which was translated into 1,016 amino acid residues with a calculated molecular mass of 111.7 kDa (supplemental Fig. S1 ). Thus nka ␣1c was shorter than nka ␣1a and nka ␣1b by 22 nucleotides at the 5= end (supplemental Fig. S1 ).
The similarities between the translated amino acid sequence of Nka ␣1a and those of Nka ␣1b and Nka ␣1c were 81.1% and 80.2%, respectively (Table 2 ). In comparison, there was a greater similarity (86.1%) between Nka ␣1b and Nka ␣1c ( Table 2) . A phylogenetic analysis revealed that all three Nka ␣-isoforms of A. testudineus were closely related to Nka ␣1 of other fishes and distinctly different from other Nka ␣2 and Nka ␣3 (Fig. 1 ).
There were 10 TMs in Nka ␣1a, Nka ␣1b, and Nka ␣1c of A. testudineus (see supplemental Fig. S2 ). For Nka ␣1a and Nka ␣1b of A. testudineus, there was a substitution of asparagine by lysine at amino acid residue 786 in the Na ϩ binding site I and the K ϩ binding site II (supplemental Fig. S2 ). Furthermore, glutamine was replaced by arginine at amino acid residue 933 in the Na ϩ binding site I and the K ϩ binding site I of Nka ␣1a from A. testudineus (supplemental Fig. S2 ).
Tissue expression of the three nka ␣-subunit isoforms. The nka ␣1a was mainly expressed in the gills and the kidney of fish kept in freshwater, but 6 days of acclimation to seawater resulted in an apparent decrease in its expression in the gills and a suppression of its expression in the kidney (Fig. 2) . For fish kept in freshwater, the mRNA expression of nka ␣1b was detected only in the kidney, but seawater acclimation led to prominent expression of nka ␣1b in the gills and ABOs (Fig.  2) . The nka ␣1c was generally expressed in all the tissues examined, and exposure to NH 4 Cl, but not seawater, for 6 days apparently led to increases in its mRNA expression in all these tissues (Fig. 2) .
Effects of seawater-acclimation on branchial mRNA expression of the three nka ␣-subunit isoforms. In gills of A. testudineus kept in freshwater, the quantity (copies per ng cDNA) of mRNA transcripts of nka ␣1c present was the highest (6,664 Ϯ 605) followed by nka ␣1a (3,287 Ϯ 243) and nka ␣1b (9.9 Ϯ 1.6, which was almost undetectable). For nka ␣1a, there was a significant decrease (by Ͼ70%) in its mRNA expression in the gills of fish exposed to seawater for 1 or 6 days after a progressive increase in salinity compared with the freshwater control (Fig. 3A) . By contrast, the increases in mRNA expression of nka ␣1b in the gills of fish exposed to seawater for 1 (2,134-fold) or 6 days (4,690-fold) were extraordinarily large because of its low expression in the gills of the freshwater control fish (Fig. 3B) . As for nka ␣1c (Fig. 3C) , the corresponding increases in mRNA expression in the gills were 5.6-and 10.9-fold.
Effects of exposure to environmental ammonia on branchial mRNA expression of nka ␣1a, nka ␣1b, and nka ␣1c. Exposure to 100 mmol/l NH 4 Cl for 1 or 6 days had no significant effects on the mRNA expression of nka ␣1a (Fig. 4A ) and nka ␣1b (Fig. 4B) in the gills of A. testudineus. However, the mRNA expression of nka ␣1c in the gills increased significantly by 2.7-and 2.0-fold after the fish was exposed to 100 mmol/l NH 4 Cl for 1 and 6 days, respectively (Fig. 4C ). Exposure of fish to 100 mmol/l NaCl for 1 or 6 days had no significant effects on the mRNA expression of nka ␣1a, nka ␣1b, and nka ␣1c in the gills (results not shown).
Overall protein abundance of nka ␣-subunit in the gills during seawater acclimation or ammonia exposure. Although there might be increases in the protein abundance of Nka in some gill samples of fish exposed to seawater (Fig. 5) or 100 mmol/l NH 4 Cl (Fig. 6 ) for 1 day, the lack of overall statistical significance (N ϭ 3) indicated that the experimental fish were in the process of upregulating the relevant translational activity. There were significant increases in the protein abundance of Nka, without differentiating the three isoforms, in the gills of A. testudineus exposed to seawater (Fig. 5) or 100 mmol/l NH 4 Cl (Fig. 6 ) for 6 days.
Immunofluorescence miscroscopy. With the use of the rabbit anti-peptide NKA polyclonal antibody ␣Rb1NKA, which reacted nonspecifically with fish Nka ␣-subunit isoforms, immunoreactvity was demonstrated in the gills of A. testudineus kept in freshwater that had relatively weaker protein expression of Nka requiring antigen retrieval (Fig. 7, a-a==) . There was stronger expression of Nka in the gills of fish exposed to 100 mmol/l NH 4 Cl for 6 days (Fig. 7, b-b==) , but the strongest Nka expression was detected in basolateral tubular system membrane of Nkaimmunoreactive cells of fish acclimated to seawater for 6 days (Fig. 7, c-c==) . The Nka-immunoreactive cells involved in seawater acclimation were larger than those involved in active ammonia excretion (Fig. 6 , c== vs. 6, b==), indicating that two different types of MRCs were likely involved.
Effect of seawater acclimation or ammonia exposure on the kinetic properties of branchial Nka. In corroboration with results on differential expressions of nka ␣1a, nka ␣1b, and nka ␣1c in gills of A. testudineus exposed to various experimental conditions, there were significant differences in kinetic Sequences are arranged in descending order of similarities. Nka, Na
properties of branchial Nka between fish kept in freshwater (control) and fish exposed to seawater or 100 mmol/l NH 4 Cl for 6 days. For branchial Nka of freshwater fish, the activity peaked at 5-20 mmol/l Na ϩ (Fig. 7A) , with a relatively low V max (Table 3) , and decreased drastically between 80 and 120 mmol/l Na ϩ . NH 4 ϩ was highly effective in substituting for K ϩ (143% and 76% at 5 and 20 mmol/l, respectively) as a substrate (Fig. 8A) . For fish acclimated to seawater, there was a greater than sixfold increase in Nka activity with increasing concentrations of Na ϩ , which, unlike that of the freshwater control, leveled off between 20 and 120 mmol/l Na ϩ (Fig. 8B) . Seawater acclimation led to a significant increase in the V max of Nka (7-to 10-fold) and also significant increases in the K m values for Na ϩ , K ϩ , and NH 4 ϩ compared with the freshwater control (Table 3) . Furthermore, there was a reduction in the effectiveness of NH 4 ϩ to substitute for K ϩ , mainly at low ion concentrations (51% and 88% at 5 and 20 mmol/l, respectively; Fig. 8B ). Ammonia exposure led to a slight (1.6-to 2-fold) but significant increase in the V max of Nka (based on varying the K ϩ or NH 4 ϩ concentration), although the increase was much lower than that resulted from seawater exposure (Table 3 ). There were also significant increases in the K m values for K ϩ and NH 4 ϩ , but not Na ϩ , compared with the freshwater control. However, the magnitudes of these changes were smaller than those of fish exposed to seawater (Table 3 ). In addition, ammonia exposure led to decreases in the effectiveness of NH 4 ϩ to substitute for K ϩ at both low and high ion concentrations (71% and 55% at 5 and 20 mmol/l, respectively; Fig. 8C ) compared with the freshwater control.
DISCUSSION
Molecular characterization of nka ␣1a, nka ␣1b, and nka ␣1c from gills of A. testudineus. We report for the first time the expression of three nka ␣-subunit isoforms in the gills of A. testudineus. Different isoforms of the nka ␣-subunit have been found in gills of euryhaline teleosts, which include European eel (20) , salmon/trout (21, 54, 68, 72) , killifish (73) , tilapia (26, 35) , and the Antarctic nototheniid (7, 32) . Since it has been established that NKA ␣-subunit isoforms exhibit distinct differences in their affinities to Na ϩ and K ϩ in the rat brain, kidney (82) , and adipocytes (53), differential expressions of branchial Nka ␣-subunit isoforms may lead to changes in Na ϩ and/or K ϩ affinities that are essential for hypoosmotic and hyperosmotic osmoregulation as observed in the freshwaterand seawater-acclimated tilapia, pufferfish, and milkfish (48) . Indeed, Jorgensen (41) showed that a few particular amino acid differences would reduce the Na ϩ -to-ATP ratio from 3:1 in Nka ␣1b to 2:1 in Nka ␣1a, influencing critically the cation binding properties of Nka. In O. mykiss and S. salar, the presence of a lysine residue instead of asparagine at site 783 in TM5 of Nka ␣1a would render it energetically suitable for Na ϩ transport against extreme electrochemical gradients, as is the case for ion uptake in freshwater (41) .
Three Na ϩ and two K ϩ binding sites are known to be present in the NKA ␣-subunit (46, 62) . For Na ϩ binding, site I is formed entirely by side chain oxygen atoms of residues in three helices (TM5, TM6, and TM8). Site II is formed approximately on the TM4 helix with three main chain carbonyls plus four side chain oxygen atoms (aspartate 814 and aspartate 818 on TM6 and glutamate 337 on TM4). Site III is formed by the Fig. 3 . Absolute quantification (copies of transcript per ng cDNA) of mRNA expression of nka ␣1a (A), nka ␣1b (B), and nka ␣1c (C) in the gills of A. testudineus kept in FW (control) or exposed to SW (salinity 30) for 1 day or 6 days. Results represent means ϩ SE (n ϭ 5). Means not sharing the same letter are significantly different (P Ͻ 0.05). Fig. 2 . mRNA expression of Na ϩ -K ϩ -ATPase (nka) ␣-subunit isoforms, nka␣1a, nka␣1b, and nka␣1c in gills, accessory breathing organs (ABO), anterior gut (AG), posterior gut (PG), kidney, and skin of Anabas testudienus kept in freshwater (FW) (A), acclimated to seawater (SW; salinity 30) for 6 days after a progressive increase in salinity (B), or exposed to 100 mmol/l NH4Cl in freshwater for 6 days (C). carbonyls of glycine 816 and threonine 817 in TM6, hydroxyl of tyrosine 781 in TM5, and the carboxyl of glutamate 964 in TM9. For K ϩ binding, site I is formed at a position very similar to the binding site I for Na ϩ with serine 785 involved in K ϩ binding, while site II is also formed on the TM4 helix with the K ϩ site shifted toward the extracellular side by a turn of the ␣-helix. Based on the homology modeling of human NKA ␣-subunit (62), we identified the amino acid residues involved in binding of cations in the three Nka ␣-subunit isoforms of A. testudineus. There was a replacement of asparagine by lysine in position 786 of Nka ␣1a and Nka ␣1b. Mutations studies have shown that asparagine 786 is critical for both Na ϩ and K ϩ binding (63). Substitution of asparagine with alanine severely depressed binding of Na ϩ and K ϩ , whereas substitution with glutamine only depressed Na ϩ binding. This indirectly shows that the Na ϩ and K ϩ affinities of Nka ␣1a and Nka ␣1b could be different from those of Nka ␣1c in A. testudineus and NKA of other animal species. In addition, the substitution of glutamine with arginine in position 933 of Nka ␣1a indicates that there could also be differences in Na ϩ and K ϩ affinities between Nka ␣1a and the other two Nka ␣-subunit isoforms in A. testudineus. Indeed, our results confirmed that there were differences in kinetic properties of Nka from gills of fish exposed to freshwater compared with those exposed to seawater or environmental ammonia.
In mammals, there is evidence that suggests that short-term hormonal regulation of NKA contributes to the kidney's ability to alter Na ϩ reabsorption (1, 3, 57) , and that renal NKA is regulated through phosphorylation-dephosphorylation reactions catalyzed by kinases and phosphatases in response to hormones and second messengers. Both cAMP-dependent protein kinase (PKA) and protein kinase C (PKC) can be involved in the phosphorylation of the NKA ␣-subunit (1, 57). It has been shown that NKA from various tissues including mamma- lian (18) and amphibian kidney (17) , shark rectal glands (18) , and duck salt glands (16) can be phosphorylated in vitro by PKA. The target site of phosphorylation is the serine residue at position 946 (according to the alignment reported in this paper) of the NKA ␣-subunit from the kidneys of the rat and Bufo marinus (2, 27) . This site is apparently conserved in the three Nka ␣-subunit isoforms from the gills of A. testudineus. NKA can also be a substrate of PKC-dependent phosphorylation in vitro and in intact cells (2, 5) . The ability of NKA to be phosphorylated by PKC varies among animal species (27) . Beguin et al. (2) identified threonine-10 and serine-11 as PKC phosphorylation sites in the NKA of B. marinus by sitedirected mutagenesis. Feschenko and Sweadner (28) identified two PKC phosphorylation sites, serine-11 and serine-18, with different phosphorylatability in rat kidney ␣1 subunits. For the three Nka ␣-subunit isoforms of A. testudienus, only one PKC phosphorylation site (serine 16, which corresponds to serine 11) was found. Threonine 15 (corresponds to threonine 10) was conserved in Nka ␣1a and Nka ␣1b, but not Nka ␣1c, of A. testudineus. nka ␣1a as the freshwater isoform and nka ␣1b and nka ␣1c as the seawater isoforms. For those fishes that have a transepithelial electric potential (25-35 mV, blood side positive) greater or equal to the Nernst equilibrium potential of Na (E Na ϭ 28 mV, blood side positive) in seawater, the current model proposes that NaCl extrusion through the gills is mediated by the basolateral cotransport of Na ϩ , K ϩ , and Cl Ϫ down the electrochemical gradient provided by the Nka, coupled with the apical exit of Cl Ϫ and the paracellular extrusion of Na ϩ . The key transporters associated with the transepithelial Na ϩ and Cl Ϫ movements are the basolateral Nka and Na ϩ :K ϩ :2Cl Ϫ cotransporter 1 (Nkcc1), and the apical cystic fibrosis transmembrane conductance regulator Cl Ϫ Ϫchannel (Cftr; 23, 24, 33, 36, 55) of MRCs. Therefore, seawater acclimation necessitates the activation of branchial Nka, and indeed most euryhaline teleosts (24, 55), including A. testudineus (13) , exhibit adaptive changes in Nka activity following salinity changes. Increases in Nka activity upon exposure to a hyperosmotic environment can be due to an increase in Nka ␣-subunit mRNA expression leading to an increase in Nka protein abundance (45, 47, 49, 50, 70, 71, 75, 81) and/or a modulation of its hydrolytic rate (19, 79) . Changes in mRNA expression of nka ␣-subunit isoforms during seawater acclimation have been examined in the gills of O. mykiss, S. alpinus, S. salar (10, 12, 68) , O. nerka (74) , and F. heteroclitus (70) . The mRNA expression of nka ␣1 and nka ␣3 increased differentially in the gills of tilapia after being transferred from freshwater to seawater (26, 44, 79) . For O. mykiss, while nka ␣1c is unresponsive to salinity changes, nka ␣1a and nka ␣1b are differentially expressed in the gills, with the mRNA expression of the former being upregulated in freshwater and that of the latter being upregulated in 80% seawater (68) . Therefore, it has been suggested that nka ␣1a is a freshwater-isoform driving ion uptake, whereas nka ␣1b is a seawater-isoform driving ion secretion (68) . Accordingly, nka ␣1b is upregulated during salmon smoltification in freshwater, which is an essential preparatory process for the juvenile fish to migrate into the marine environment (61). Recently, Bystriansky et al. (11) reported that land-locked Arctic char could not acclimate to seawater because of failure to upregulate gill Nka activity due to the inability to increase the mRNA expression of nka ␣1b.
For A. testudineus, the mRNA expression of nka ␣1a was downregulated in the gills of fish exposed to seawater for 1 or 6 days, indicating that it could be a freshwater isoform involving in ion absorption. By contrast, 1 or 6 days of exposure to seawater led to upregulation of the mRNA expression of nka ␣1b and nka ␣1c, and an increase in the overall Nka activity, indicating that they were essential for ion secretion in a hyperosmotic environment. Hence, they could be regarded as seawater isoforms. Recently, McCormick et al. (56) developed and validated rabbit polyclonal antibodies specific to the Nka ␣1a and Nka ␣1b isoforms of Atlantic salmon (S. salar) and used Western blotting and immunohistochemistry to characterize their size, abundance, and localization. Their results (56) indicated that there was a freshwater and a seawater Nka ␣-subunit isoforms in the gills of S. salar and they were present in distinct MRCs. Using the ␣5 NKA antibody, which is known to react with fish Nka ␣-subunit isoforms in general, we could indeed demonstrate that a significant increase in the Nka protein abundance in the gills of A. testudineus occurred after 6 days of exposure to seawater. However, efforts should be made in the future to develop specific antibodies against each of the three Nka ␣-subunit isoforms to confirm the up-and downregulation in their protein abundance and to determine their localization in membrane of various types of MRCs in the gills of A. testudineus. An interesting observation made in this study was that seawater acclimation also led to an apparent downregulation in the mRNA expression of nka ␣1a and a prominent increase in the mRNA expression of nka ␣1b in the ABOs of A. testudineus. Traditionally, ABOs have been regarded as organs involved in air breathing only, but this is the first report on their adaptive responses to seawater acclimation, which suggests a possible osmoregulatory role. However, ABOs could not take part in osmoregulation if they were surrounded completely by air. Since Chang et al. (13) demonstrated that seawater acclimation led to changes in the bimodal breathing pattern in A. testudineus, it is possible that such changes also resulted in certain regions of the ABO coming into contact with seawater during ventilation, which facilitated their involvement in osmoregulation in seawater. Moreover, since ABO originates from gill arch, it is highly probable that they would have some overlap of function. nka ␣1c could be involved in active ammonia excretion during environmental ammonia exposure. Gills are the primary site of ammonia excretion in fish (83, 85, 86) . For most ammonotelic fishes, the majority of ammonia is excreted across the branchial epithelium as NH 3 , down a favorable blood-to-water P NH3 diffusion gradient (24, 85, 86) . Unlike other fishes, A. testudineus has the extraordinary ability to actively excrete ammonia against an unfavorable blood-to-water P NH3 gradient (77) . Here, we report for the first time that exposure to 100 mmol/l NH 4 Cl in freshwater for 1 or 6 days led to a significant increase in the branchial mRNA expression of nka ␣1c.
The giant mudskipper P. schlosseri, which inhabits in brackish water in estuaries, can also actively excrete ammonia through its gills (14, 39, 67) . The mechanisms apparently involve Nka at the basolateral membrane and Na ϩ /H ϩ (NH 4 ϩ ) exchangers (Nhe) at the apical membrane of the branchial epithelia, because active ammonia excretion is sensitive to ouabain and amiloride, which are inhibitors of Nka and Nhe, respectively (67) . Since NH 4 ϩ could substitute for K ϩ due to similar physical properties, Randall et al. (67) proposed that NH 4 ϩ was transported from the blood into MRCs by the basolateral Nka. However, to date, two issues concerning active NH 4 ϩ excretion in P. schlosseri remain unresolved. First, how would MRCs maintain intracellular K ϩ homeostasis with a low intracellular NH 4 ϩ concentration to minimize ammonia cytotoxicity during active ammonia excretion? Second, since Nkcc1 is also expressed along with Nka in the basolateral membrane of MRCs in P. schlosseri (88) , could NH 4 ϩ be transported from the blood into the branchial epithelial cells by Nkcc1 instead of Nka?
Recently, Nawata et al. (60) obtained results that suggested that basal levels of plasma ammonia in the pufferfish Takifugu rubripes were maintained by passive movement of ammonia through Rhesus (Rh) glycoprotein channels, i.e., basolateral Rhbg and apical Rhcg2, of pavement cells. They also suggested that when T. rubripes was exposed to 1 or 5 mmol/l NH 4 HCO 3 , elevated levels of "plasma ammonia" might require active ammonia excretion through MRCs. They (60) proposed that NH 4 ϩ entered MRCs via basolateral Nka and/or Nkcc1, and apical NH 3 extrusion was achieved via Rhcg1. However, in the presence of high concentrations of environmental ammonia, active ammonia transport should occur across the apical and not the basolateral membrane. More importantly, active ammonia excretion would assure low intracellular ammonia concentration, and since the basolateral membrane has an electrical potential of ϳ75 mV (inside negative; 40), the movement of NH 4 ϩ from the blood into the MRCs, unlike that of K ϩ , should be a downhill process that does not need active transport through basolateral Nka. Moreover, transport of NH 4 ϩ into MRCs via basolateral Nka with NH 4 ϩ substituting for K ϩ Fig. 7 . Immunofluorescent localization of Nka; green in the gills of A. testudineus kept in FW (control; a), exposed to 100 mmol/l NH4Cl in FW (pH 7.0; b) for 6 days, or acclimated to SW (30‰) for 6 days after a progressive increase in salinity (c). Sections were counterstained with the nuclear stain DAPI and overlaid with the DIC images for orientation (a=-c=, respectively). Higher magnification insets illustrate Nkaimmunoreactive cells (aЉ-cЉ). Scale bar ϭ 100 m. Ip et al. (40) were able to demonstrate significant increases in the mRNA and protein expression of nkcc1 and cftr in the gills of A. testudineus exposed to 100 mmol/l NH 4 Cl, which support the propositions that, during active ammonia excretion, NH 4 ϩ could enter the MRCs through basolateral Nkcc1, and that the excretion of NH 4 ϩ across the apical membrane against a concentration gradient could be driven by the extrusion of Cl Ϫ (or HCO 3 Ϫ ) through the apical Cftr. Since the functioning of Nkcc1 during active ammonia excretion would lead to an increase in the influx of Na ϩ to MRCs, the activity of basolateral Nka had to be upregulated to actively transport excess Na ϩ back to the blood. Furthermore, to maintain intracellular K ϩ homeostasis, the gills of A. testudineus must express more than one type of Nka ␣-isoform, with at least one isoform that can differentiate K ϩ from NH 4 ϩ , rendering NH 4 ϩ ineffective to substitute for K ϩ to induce Nka activity. Indeed, our results confirmed that environmental ammonia exposure led to significant increases in the mRNA expression of nka ␣1c, the overall Nka protein abundance, the Nka activity (based on V max values obtained from varying the K ϩ or NH 4 ϩ concentration), and the K m for K ϩ and NH 4 ϩ in the gills of A. testudineus.
Since there was a decrease in the effectiveness of NH 4 ϩ to substitute for K ϩ in the activation of Nka from the gills of fish exposed to ammonia compared with those of the freshwater control, the upregulation of nka ␣1c expression probably served to remove excess Na ϩ from and to transport K ϩ in preference to NH 4 ϩ into, the cell to maintain intracellular Na ϩ and K ϩ homeostasis. Hence, ouabain would predictably have an inhibitory effect on active NH 4 ϩ excretion, as reported for P. schlosseri (67) , not because of the direct involvement of Nka in NH 4 ϩ transport, but because a decrease in Nka activity would necessarily result in a reduction in the efficiency of Nkcc1, which transports Na ϩ together with Cl Ϫ and K ϩ /NH 4 ϩ down the electrochemical gradient of Na ϩ generated by Nka. Different types of Nka-immunoreactive cells were involved in seawater acclimation and active ammonia excretion. Although active extrusion of Na ϩ during seawater acclimation and active excretion of NH 4 ϩ during environmental ammonia exposure might involve similar transporters (i.e., Nka, Nkcc, and Cftr; 40, 52) in the gills of A. testudineus (Fig. 9) , our results (Fig. 7) indicated that two different types of Nkaimmunoreactive MRCs could be involved. The MRCs formed in response to NH 4 Cl in freshwater express Cftr in the apical membrane, despite Cftr being undetectable in the gills of freshwater fish (40) , but they are smaller in size compared with the seawater-type MRCs. The ammonia-type MRCs probably expressed predominantly Nka ␣1c in the basolateral membrane, which functioned to remove excess Na ϩ that has entered the cells through Nkcc1 (52) and to transport K ϩ in preference to NH 4 ϩ into the cell to maintain intracellular K ϩ homeostasis (Fig. 9) . Many euryhaline fish species can upregulate branchial nka/Nka expression and increase the number of MRCs in response to salinity stress, but not all of them have the ability to actively excrete ammonia. It is probable that the special ability to increase the expression of a Nka isoform that can differentiate K ϩ from NH 4 ϩ in a type of MRCs that can transport NH 4 ϩ across the apical membrane (Fig. 9 ) could be fundamental to active ammonia excretion in high concentrations of environmental ammonia.
Perspectives and Significance
Unlike seawater acclimation during which Na ϩ moves across the paracellular space down an electrochemical gradient, the excretion of NH 4 ϩ across the apical membrane of MRCs of A. testudineus exposed to ammonia in freshwater is probably facilitated by certain apical transporters, the identity of which are uncertain at present. An important implication of these results is that transapical Na ϩ extrusion through some sort of apical Na ϩ transporters may also occur in gills of some marine fishes that have a zero or negative (blood side) transepithelial electrical potential (e.g., marine toadfish; 55), since Na ϩ would be driven into the body if it was to permeate through the paracellular route in these fishes. Therefore, in the future, it would be essential to research on a freshwater fish that would develop a zero or negative (blood side) transepithelial electrical potential during seawater acclimation, to test the hypothesis that an upregulation of branchial Nkcc1 expression would not be accompanied by increases in branchial nka mRNA expression, Nka protein abundance, and NKa activity. It is probable that the Na ϩ that has entered the MRCs through the basolateral Nkcc1 could be extruded directly through the apical membrane instead of the paracellular route in such a fish. On the other hand, not all ammonia-tolerant fishes can actively excrete ammonia, and some of them have evolved to develop extraordinarily high ammonia tolerance in their brains (15, 37, 38) . This contradicts the general notion that NH 3 and NH 4 ϩ can permeate the blood-brain barrier through various transporters/channels, and NH 4 ϩ can replace K ϩ to be transported through K ϩ channels and/or NKA, exerting deleterious effects on the cellular membrane potential (37) . Hence, for those fishes with high brain ammonia tolerance, the defense against ammonia toxicity might have shifted from the gills to the brain, and their brains might express certain isoforms of Nka (and K ϩ channel) that could differentiate K ϩ from NH 4 ϩ when confronted with ammonia toxicity.
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